The direction of volatility transmission between stock and foreign exchange markets is important for hedging strategy, portfolio management and financial market regulation. This paper examines volatility transmission between stock and foreign exchange markets by applying the multivariate GARCH model in the BEKK framework to Nigerian stock returns and the Naira/USD exchange rate data from January 1996 to March 2013. Results of the empirical analysis show evidence of volatility clustering in both stock and foreign exchange markets. The results also show bidirectional shock transmission between stock and foreign exchange markets, suggesting that information flow in the foreign exchange market impact the stock market and vice versa. Finally, the results show evidence of a uni-directional volatility transmission from the foreign exchange market to the stock market. The implication is for investors vigilantly to monitor and dissect all information in the two markets as part of their investment strategy.
IntroductIon
There has been a good number of empirical studies that analyse volatility transmission 2 across countries, financial markets and sectors of financial markets (see for example, Hamao, Masulis and Ng 1990; Karolyi, 1995; Malik and Ewing, 2009; Hoon and Yoon, 2013) . Most of these earlier studies were motivated partly in response to increasing integration of international financial markets resulting from advancement in information and communication technology (ICT) . Increasing integration of financial markets leads to price co-movement, shocks and volatility transmission between markets. A shock in one financial market may lead to shocks in other financial markets as apparently illustrated by the global financial crises which started in United States and spread to almost all world economies.
The effect of financial market linkages on volatility transmission is an important issue that investors need to consider before making investment decision, and policy-makers also 61 61 economic growth. More importantly, from the financial stability perspective, shock and volatility transmission among stock and foreign exchange markets warrant closer scrutiny.
Accordingly, this paper evaluates the nature of volatility transmission between the Nigerian stock and foreign exchange markets by exploring the time path of the volatility of both markets using BEKK specification of multi-variate GARCH. The intensity and the direction of volatility transmission among these two markets hold invaluable information for the stock market investors (domestic and international), foreign exchange traders, financial market regulators and academics. Section 2 contains the theoretical basis of the study and previous empirical findings. Section 3 describes the methodology and data for analysis. Section 4 presents empirical results, and section 5 presents concluding remarks.
tHEorEtIcAl BAsIs And prEVIous EmpIrIcAl FIndInGs
The theoretical basis for the study of the linkage between foreign exchange and stock markets are the 'flow-oriented' model of Dornbusch and Fisher, (1980) and the 'stock-oriented' models of Branson, (1983) , Frankel (1983) and Branson and Henderson (1985) . The flow-oriented model of exchange rates postulates that changes in foreign exchange rates alter the international competitiveness of a firm as well as the balance of trade position. Local currency depreciation thus acts to strengthen the competitiveness of domestic firms as their exports will be cheaper in international trade. Hence, the flow-oriented model suggests a positive relation between stock prices and foreign exchange rates. The stock-oriented models of exchange rates, on the other hand, propose that foreign exchange rate movements function to balance the demand and supply of domestic and foreign financial assets. Thus, an increase in stock returns induces investors to demand more domestic financial assets and thereby causes an appreciation in the domestic currency. The appreciation of the domestic currency attracts more foreign capital and investments into the domestic market, which then leads to further currency appreciation. Consequently, the stock-oriented models suggest a negative linkage between foreign exchange rates and stock prices.
The flow-oriented and stock oriented theories, therefore, suggest that these fund-flows may create shock and volatility transmission between stock and foreign exchange markets.
The early empirical studies of return and volatility transmission concentrated on interdependence between different assets or markets across countries. Engle et al. (1990) , for example, apply univariate GARCH model 6 to examine volatility spillover across the Japanese and American foreign exchange markets. They find the presence of intra-day volatility spillovers from one foreign exchange market to the other. In like manner, Hamao et al. (1990) analyse the short-run interdependence of prices and price volatility across the London, New York and Tokyo stock markets in the pre-October period. They show evidence of price volatility spillover from New York to London, from New York to Tokyo and from London to Tokyo but not in other directions. Some other studies that find evidence of volatility spillover between countries include Hong (2001) , Bhar and Hamori, (2003) , Inagaki (2007) and so on.
The wealth of empirical literature on return and volatility transmission supports the existence of return and volatility transmission between the stock and foreign exchange markets, but the direction of transmission has been mixed. Kanas (2000) examines volatility spillovers between stock returns and exchange rate changes in six industrialized countries, namely, the US, the UK, Japan, Germany, France, and Canada. He finds evidence of spillovers from stock market returns to exchange rate changes for all countries except Germany. On the other hand, the volatility spillovers from exchange rate changes to stock returns are completely insignificant.
Similarly, Yang and Doong (2004) explored the nature of the mean and volatility transmission mechanism between stock and foreign exchange markets in the G-7 using a vector autoregression multi-variate EGARCH model. Their empirical evidence shows an asymmetric volatility spillover effect and that stock price movements will impact on future exchange rate movements, but exchange rate changes have less direct effect on future stock returns. Morales and O'Donnell (2007) examine the volatility spillovers between stock market returns and exchange rate changes for Spain, Portugal, and Italy using an EGARCH model. They find no significant volatility spillovers from stock returns to exchange rates or vice-versa prior to the introduction of the Euro. However, with the introduction of the Euro, there were significant volatility spillovers from stock returns to exchange rates in all countries for all currencies, with the exception of Portugal in the more recent (2002) (2003) (2004) (2005) (2006) period. Mishra, Swain and Malhotra (2007) , explore volatility spillovers between the Indian stock and foreign exchange markets. Their results indicate evidence of a bi-directional volatility spillover between the Indian stock market and the foreign exchange market with the exception of S&P CNX NIFTY and S&P CNX 500. They conclude that the markets are integrated with each other. Choi, Tian and Fu (2009) in their study of the volatility spillover between New Zealand stock market returns and changes exchange rate using multivariate EGARCH model, find amongst other, evidence of bidirectional volatility spillovers between the NZ stock market returns and NZD/USD exchange rate in the full sample period and in the pre-Asian financial crisis sample period.
In contrast to the findings of Choi et al., Fedorova and Saleem (2010) find evidence of direct linkages between equity markets in terms of both returns and volatility, as well as in the currency markets. They also show uni-directional volatility spillovers from currency to stock markets in Eastern European markets and in Russia using a bi-variate GARCH-BEKK model. They conclude that there is integration of Eastern European markets within the region and with Russia as well. Arifin and Syahruddin (2011) investigate volatility spillover effects between stock market returns and exchange rate changes within the same economy in the ASEAN-5 countries, during the Asian crisis and the sub-prime crisis, using a bi-variate VAR(1)-GARCH(1.1) model with BEKK representation. They provide evidence to show that exchange rate fluctuations have strong influences on the volatility of stock market. Okpara and Odionye (2012) , in their study, appraise the direction of volatility spillover between stock prices and exchange rate in Nigeria using a uni-variate EGARCH model. They show uni-directional volatility spillover running from exchange rate to stock prices. Hoon and Yoon (2012) investigate volatility spillover between stock prices and exchange rates in Asian financial markets using a bi-variate GARCH model. They find evidence of bi-directional volatility spillover between two markets in Asia.
In a recent study, Turkyilmaz and Balibey, (2013) examine the relationship between interest rate, exchange rate and stock price using the BEKK-MGARCH approach 7 . They conclude that there is significant transmission of shocks and volatility among the three variables. Hoon and Yoon (2013) , revisit the price returns and volatility linkages between the foreign exchange and stock markets in Korea, using the co-integration test and bi-variate GJR-GARCH (1.1) model based on the BEKK approach. Their results reveal, amongst other things, evidence that a unidirectional volatility spillover exists from the stock market to the foreign exchange market. They also show that there is no evidence of volatility spillover effect in the pre-crisis, but an evidence of uni-directional volatility spillover effect from the foreign exchange market to the stock market 63 63 in the post-crisis period. They conclude that financial crisis improves linkages between the two markets.
In the light of the brief review of the volatility transmission literature, evidence-based knowledge of co-variance between financial markets, sectors or assets is of the essence in finance, as many problems in financial practice, such as efficient portfolio management, hedging strategies and financial market regulation, require multi-variate volatility measures.
mEtHodoloGy And dAtA For AnAlysIs

methodology
The BEKK representation of a multi-variate GARCH model outlined in Baba et al. (1990) and Engle and Kroner (1995) is adopted to investigate volatility transmission between stock and foreign exchange markets in Nigeria. The BEKK model presents a natural way to estimate the interaction within the conditional mean and conditional variance of two or more series because of its capability to detect volatility transmission among the series, as well as persistence of volatility within each series.
The first step in the multi-variate GARCH methodology is to specify the mean equation. Thus, the mean equation for return series is specified as follows:
where:
is a vector of returns of the stock and foreign exchange markets respectively, θ refers to a 2 x 2 matrix of coefficients, ,
is the vector of error terms of conditional mean equation for stock and foreign exchange markets returns respectively. ,
p is conditional variance-covariance of stock and foreign exchange market returns. The next step is to specify the conditional variance-covariance equation. Thus, the BEKK representation of multi-variate GARCH (1.1) model is given by:
where: H t is the conditional variance matrix. C, A, and B are parameter matrices. C is a 2 x 2 lower triangular matrix, A is 2 x 2 square matrix that shows how conditional variances correlate with past squared errors, and B is 2 x 2 square matrix that measures the effect of past conditional variances on the current conditional variances and the degree of persistence in the volatility of the markets. The parameter matrices can be represented as follows: 
where: h 11,t denotes the conditional variance of the stock market, h 12,t the covariance of stock and foreign exchange markets, and h 22,t the conditional variance of the foreign exchange market. The significance of the diagonal coefficients a 11,t (a 22,t ) suggests that the current conditional variance of h 11,t ( h 22,t ) is correlated with its own past squared errors, while the significance of the lagged variance b 11,t (b 22,t ) indicates that the current conditional variance of h 11,t (h 22,t ) is affected by its own past conditional variance. Similarly, the significance of the off-diagonal coefficients a 12,t and b 12,t indicates evidence of shock and volatility transmission effects from the stock market to the foreign exchange market, whereas the significance of the off-diagonal coefficients a 21,t and b 21,t shows evidence of volatility transmission effects from the foreign exchange market to the stock market. The parameter matrices are estimated using the expanded BEKK-MGARCH (1,1) equation: 
Equations (4) and (5) show how shocks or volatility are transmitted between the stock market and foreign exchange market in Nigeria. The significance of the off-diagonal parameters is evidence of shock and volatility transmission between the two markets. The parameters are estimated using the maximum likelihood estimation method optimized with the Broyden, Fletcher, Goldfarb, and Shanno (BFGS) algorithm. The conditional likelihood function L(θ) is expressed thus:
where: T is the number of observations and θ is the parameter vector to be estimated.
The robustness of the multi-variate GARCH models can be evaluated using a number of diagnostics tests. The Ljung-Box (1978) Q test statistics will be used to examine the null hypothesis of no autocorrelation in the estimated residuals and squared standardized residuals up to a specific lag. Also, Engle's (1982) LM statistic will be used to test the null hypothesis of no remaining ARCH effects up to a specific order. In fact, if the multi-variate GARCH model is specified correctly, then the estimated standardized residuals should behave like white noise, i.e., they should not display serial correlation, ARCH effect, or any other type of non-linear dependence.
data for analysis
The dataset used in this study comprises the monthly All-share index (ASI) of the Nigerian Stock Exchange (NSE) and the average bureau de change (BDC) Naira/USD exchange rate for the period January 1996 to March 2013, totalling 207 observations for each variable. This time period was chosen to capture the effect of internationalisation of the NSE in 1995 and other fundamental changes made to regulate, and implement advanced technology for the operation of the Nigerian stock market 8 as well as the current events. The choice of the BDC exchange rate has been motivated by the fact that it mirrors the market exchange rate during the era of dual exchange rate regime, which caused wide variation between official exchange rate and the 8 The NSE became internationalized in 1995 with the abrogation of the Exchange Control Act of 1962 and the Nigerian Enterprises Promotion Decree of 1989. These two laws constrained foreign participation in the Nigerian capital market. Consequent on their abrogation, foreigners now participate in the market both as operators and investors. Also, in line with global developments, the NSE changed from Call-over system of trading to Automated Trading System (ATS) in 1998.
inter-bank exchange rate in Nigeria 9 . The BDC exchange rate series were collected from the Central Bank of Nigeria (CBN) statistics databank and transformed to change in exchange rate by taking first difference. The ASI was obtained from the NSE and converted into monthly returns as follows:
where: R t is the daily returns, P t is closing ASI for Month t, P t-1 is the previous month closing ASI, and Ln is natural logarithm. While change in BDC exchange rate serves as a proxy for the foreign exchange market, the ASI returns serve as the proxy for the stock market. Notes: A -denotes the log-level of the NSE monthly All-share index; B -denotes the NSE monthly market returns; C -denotes the log-level of the Naira(N)/USD exchange rate; D -denotes the change in the Naira(N)/USD exchange rates. Source: Author's own work.
EmpIrIcAl rEsults
descriptive statistics
10
Figure 2 is shown in appendix.
Notes: A -denotes the log-level of the NSE monthly All-share index; B -denotes the NSE monthly market returns; C -denotes the log-level of the Naira(N)/USD exchange rate; D -denotes the change in the Naira(N)/USD exchange rates.
Source: Author's own work.
Figure 2
Estimated volatility and correlation of the stock and foreign exchange markets in Nigeria Yaya, O. S. and Shittu, O. I. (2010) Notes: A -denotes the estimated volatility of the stock market; B -denotes the estimated volatility of the foreign exchange market; C -shows the correlation between the volatilities of the stock and foreign exchange markets Source: Author's own work.
Notes: A -denotes the estimated volatility of the stock market; B -denotes the estimated volatility of the foreign exchange market; C -shows the correlation between the volatilities of the stock and foreign exchange markets Source: Author's own work.
Descriptive statistics and ARCH-LM estimates are presented in Table 1 . As shown in Table 1 , the monthly mean stock return is 0.91% and the standard deviation is 6.7. The mean exchange rate for the study period is N129.04/USD1 and the standard deviation is 25.93. The stock returns exhibit negative skewness and changes in the exchange rate show positive skewness, suggesting that there are more negative (positive) observations in the stock returns (change in exchange rate) than in standard normal distribution. The kurtosis of a normal distribution is 3. But the excess kurtosis for the stock return is 6.94 and change in exchange rate is 9.61, indicating that both series are more peaked than the normal distribution. Finally, the Jarque-Bera test results are significant at conventional levels, suggesting that normality assumptions for all the series are doubtful. Notice also from Table 1 that ARCH-LM, Ljung-Box Q and McLeod-Li tests all reject the null hypotheses of no ARCH effect, no serial correlation in returns and squared returns at the 1% significance level. These results are in favour of a model that incorporates ARCH/GARCH features. 
unit root test results
Before the multi-variate GARCH (1.1) model is estimated, it is necessary to check the stationarity of the variables. This step is to ensure that the series are stationary because estimates obtained from non-stationary series are not reliable. Table 2 shows the results of the augmented Dickey-Fuller (ADF) unit root test and Kwiatkowski (KPSS) stationarity test for the level series and their returns. The null hypothesis of the ADF test is that a time series contains a unit root, whereas the null hypothesis of the KPSS test is that a time series is stationary. As shown in Table 2 , the calculated values of the ADF test statistics indicate that the level series contain a unit root at the 1% significance level, implying that the level series are non-stationary. However, in the case of the return series, the statistics reject the null hypothesis of a unit root at the 1% significance level, implying that the returns are stationary for the two series. The results of the KPSS tests, on the other hand, show that the level series are non-stationary, whereas, their first differences are stationary. Note: ADF and KPSS lag lengths are selected using Akaike information criterion (AIC). * indicates significant at 99% confidence level.
Source: Author's calculation. Table 3 displays the covariance/correlation matrix between squared stock and foreign exchange markets returns. The covariance matrix is a measure of the extent to which two variables tend to move together. Notice from the entry on the diagonal of the covariance matrix in row 2 column 1 that the covariance of the foreign exchange market with stock market is large and positive, suggesting variance relationship between foreign exchange and stock markets. On the other hand, the covariance of the stock market with the foreign exchange market is approximately zero, suggesting that variance of both markets tends to be unrelated. In addition, the correlation between the stock and foreign exchange markets is very weak, suggesting that the markets have weak mean association. 
covariance/correlation matrix Estimates
mGArcH (1,1)-BEKK results
The results of the multi-variate GARCH (1.1)-BEKK model employed to investigate the nature of volatility transmission between the stock and the foreign exchange markets are shown in Table 4 . Notice from Table 4 that the estimates of the diagonal parameters, A 22 and B 11 , B 22 , are all statistically significant at 99% confidence level. This indicates that a strong GARCH (1.1) process drives the conditional variances of the markets returns. In other words, own past volatility affect the current volatility of the stock and foreign exchange markets in Nigeria. However, A 11 is not significant, suggesting that a past shocks do not influence volatility in the stock market.
The off-diagonal elements of matrices A and B capture cross-market shock and volatility transmission between the markets. From the off-diagonal elements of matrix A, we see evidence of bi-directional shock transmissions between the stock market and foreign exchange market at 1% significance level. This suggests that information flow in the foreign exchange market also impacts the stock market. In the same way, shocks in the stock market affect the foreign exchange market. Evidence of bi-directional shock transmission between stock and foreign exchange markets are not surprising given advances in information and communication technology (ICT) in the Nigerian financial markets. It is thus very easy for information to flow between the two markets. This finding provides new insight into the interaction of volatility shocks among stock and foreign exchange markets in Nigeria.
The results of the off-diagonal elements of matrix B, however, show evidence of a unidirectional volatility transmission from the foreign exchange market to the stock market, as only the off-diagonal parameter B 21 is statistically significant at the 99% confidence level. The results agree with the findings of Federova and Salem (2010) who find uni-directional volatility spillovers from foreign exchange to stock markets in Eastern European markets and Russia. The results are also consistent with the study of Okpara and Odionye (2012) , which provide evidence, using univariate EGARCH model, for a unidirectional volatility spillover running from exchange rate to stock prices in Nigeria. Hoon and Yoon (2013) also find evidence of uni-directional volatility spillover effect from the foreign exchange market to the stock market in the post-crisis sample period of their study in Korea.
The uni-directional volatility transmission from foreign exchange market to stock market in Nigeria may partly be in response to the import-dependent and mono-production nature of the economy. As highlighted in section one, the majority of the goods and services consumed in Nigeria are imported from different parts of the world and the major currency of importation is the USD. The importers and other peeople who make payment for one form of international transactions or the other, such as payment of school fee abroad, bid for USD through the BDCs. This creates demand pressure on the USD. Similarly, transactions in the major export product of Nigeria, crude oil, are internationally priced in USD thereby making this currency one of the major policy variables in the Nigerian economy. These factors, amongst others, may explain the uni-directional volatility transmission from the foreign exchange market to the stock market, which normally should serve as the 'engine' for generating USD.
One of the major economic implications of the shock and volatility linkages between the stock and the foreign exchange markets for the investors, portfolio managers and financial market regulators is the need to dissect any information from both markets. Equity investors and managers need to monitor exchange rate movement because it may have great impact on the risk and cost of capital on the stock market. Similarly, foreign exchange dealers may also need to be mindful of developments in the stock market, as shocks from the stock market impact the foreign exchange market. Financial market regulators, on their part, should intensify efforts at diversifying the production base of the Nigerian economy. This will not only reduce the importinduced demand pressure on the USD but will also increase activities on the stock market as more companies become listed on the NSE. In addition, the government should direct policy efforts at attracting foreign investments which will establish companies that will domestically produce most of the goods presently imported by Nigeria.
The results of diagnostic tests conducted to ascertain robustness of the estimated model are displayed on panel B of Table 5 . From panel B, notice that the Ljung-Box Q-statistic for both the residuals and squared residuals of stock and foreign exchange markets are not significant, suggesting that there is no correlation in the residuals. Similarly, the mult-ivariate ARCH-LM and Ljung-Box results indicate that the null hypotheses of no ARCH effect and no serial correlation are accepted at 1% significance level. Hence, there appear to be no specification error; the model is therefore robust for policy analysis.
concludInG rEmArKs
Volatility transmission between stock and foreign exchange markets is of particular interest to academics, foreign exchange traders, professional investors and financial market regulators due to the importance of the markets in portfolio and risk management as well as channels of monetary policy. Given such important roles for the markets, this study evaluates volatility transmission between stock and foreign exchange markets in Nigeria using sample period ranging from January 1996 and ending with March 2013.
The results of the multi-variate GARCH (1.1)-BEKK model show evidence of volatility clustering in both stock and foreign exchange markets as evident in the significance of the GARCH coefficient for each of the markets. The results also show bi-directional shock transmissions between the stock market and foreign exchange market, suggesting that information flow in the foreign exchange market impacts the stock market and vice versa. Finally, the results show evidence of a uni-directional volatility transmission from the foreign exchange market to the stock market, as only the off-diagonal parameter B 21 is statistically significant.
Hence, investors in the stock and/or foreign exchange markets in Nigeria should vigilantly monitor and dissect all information within the two markets as part of their investment strategy. 
